Bacterial spores are encased in a multilayered proteinaceous shell, called the coat. In many Bacillus spp., the coat protects against environmental assault and facilitates germination. In Bacillus anthracis, the spore is the etiological agent of anthrax, and the functions of the coat likely contribute to virulence. Here, we characterize a B. anthracis spore protein, called Cotb, which is encoded only in the genomes of the Bacillus cereus group. We found that Cotb is synthesized specifically during sporulation and is assembled onto the spore coat surface. Our analysis of a cotb null mutant in the Sterne strain reveals that Cotb has a role in determining coat-surface morphology but does not detectably affect germination. In the fully virulent Ames strain, a cotb null mutation has no effect on virulence in a murine model of B. anthracis infection.
Introduction
Bacterial spores can resist extremes of temperature, pH, toxic chemicals and predation by other microorganisms (Klobutcher et al., 2006; Setlow, 2006) . Studies in Bacillus subtilis demonstrate that spore resistance properties are derived from concentrically organized shells that encase the spore (Aronson & Fitz-James, 1976; Driks, 1999; Henriques et al., 2004) . A critical protective structure is the coat, a protein shell that encases bacterial spores of all species. In some species, such as B. subtilis, the coat is the external surface of the spore. Unlike B. subtilis, Bacillus anthracis and Bacillus cereus possess an additional balloon-like structure, called the exosporium, that encases the entire spore (Holt & Leadbetter, 1969; Aronson & Fitz-James, 1976 ). The B. subtilis coat is composed of 60-80 protein species which are organized into distinctly staining inner and outer layers as visualized using thin-section electron microscopy (TEM) (Warth et al., 1963; Kim et al., 2006) . The B. anthracis coat also has multiple layers, but these are more difficult to visualize because the coat is relatively thin (Holt & Leadbetter, 1969; Aronson & Fitz-James, 1976) . Analysis of the composition and assembly of spore structures are critical steps towards understanding the molecular basis of spore resistance.
In addition to its protective roles, the B. subtilis coat also facilitates germination (Aronson & Fitz-James, 1976; Setlow, 2006) . In B. anthracis, the etiological agent of anthrax, the spore is the infectious form of the bacterium, and the protective and germination-regulating functions of the coat (Kim et al., 2004; Giorno et al., 2007) are very likely to be important to virulence. During germination, the spore rehydrates and swells. The coat accommodates these changes in volume by relaxing a series of folds on the dormant spore coat surface (Chada et al., 2003; Plomp et al., 2005 Plomp et al., , 2007 . Soon after rehydration begins, the coat is shed, permitting further expansion of cell volume and completion of the conversion to the vegetative state (Santo & Doi, 1974) .
The spore is formed during a multistage developmental process called sporulation. An early step in sporulation is the division of the cell into two unequally sized compartments by an asymmetrically positioned septum. Next, the smaller forespore compartment, which will become the spore, is engulfed by the larger mother cell. Ultimately, the mature spore is released into the milieu after mother cell lysis. In B. subtilis, spore coat assembly begins with synthesis of the spore coat proteins in the mother cell, just after the appearance of the sporulation septum (Zheng & Losick, 1990) .
In this study, we characterize the coat protein Cotb, which is present in the genomes of B. anthracis, B. cereus, Bacillus thuringiensis, Bacillus mycoides, Bacillus pseudomycoides and Bacillus weihenstephanensis (members of the so-called B. cereus group) but not in any other as yet sequenced species, and which we identified in a search for novel B. anthracis spore proteins. We show that, in the Sterne strain of B. anthracis, Cotb is at the spore coat surface, and has a major effect on the topography of the coat surface. We further demonstrate that, in the fully virulent Ames strain, cotb is not necessary for infection in an animal model.
Materials and methods

General methods
Escherichia coli strains were cultured in Luria-Bertani medium and antibiotics were used at standard concentrations (Sambrook et al., 1989) . All B. anthracis strains are congenic with either the Ames or Sterne 34F2 strains. For the Ames and Sterne derivatives of B. anthracis, we used erythromycin at 5 mg mL À1 and kanamycin at 20 mg mL À1 , and for Sterne derivates, we used tetracycline at 5 mg mL À1 .
Routine molecular biological techniques were performed using standard methodologies (Sambrook et al., 1989) . For atomic force-, fluorescence-, and immunofluorescence microscopy (IFM) experiments, Sterne strain spores were prepared by exhaustion sporulation in liquid Difco sporulation medium (DSM) (Harwood & Cutting, 1990) . Spores judged to be dormant using phase contrast microscopy were collected and washed 5-10 times in sterile deionized water and analyzed immediately, as described below. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), spores of the Sterne and Ames strains were generated by culturing in DSM medium at 37 1C as described (Giorno et al., 2007) . For immunoblot analysis, reverse transcriptase (RT)-PCR analysis and animal challenge assays, spores of the Sterne and Ames strains (and derivatives) were prepared in Leighton-Doi broth (Leighton & Doi, 1971) either at room temperature (for immunoblot) or at 37 1C (for RT-PCR and challenge assays), and then purified by centrifugation through a Hypaque-76 gradient (Nycomed Inc.). MS was performed as described previously (Lai et al., 2003) . To monitor cotb transcription in the Ames strain, mRNA was purified between 2 and 4 h after the onset of sporulation and RT-PCR analysis was performed as described previously (Bozue et al., 2005) . The plasmids used in this study to generate recombinant B. anthracis strains are listed in Table 1 and their construction is described in Supporting Information. Recombinant B. anthracis Sterne strains were generated by electroporation using unmethylated plasmid DNA (Koehler et al., 1994) . Recombinant Ames strains were generated using a protocol described previously (Mendelson et al., 2004) . A strain in which cotb was inactivated, Ames-JAB-7, was obtained by screening for kanamycin resistance and erythromycin sensitivity (encoded by plasmid pEO-3). The disruption of the cotb gene in the chromosome was confirmed using PCR. Spore proteins were extracted as described previously (Little & Driks, 2001) , and were fractionated on 12% bis-Tris Gels (Invitrogen) and stained with either the Gel Code Blue system (Pierce) or Coomassie Brilliant Blue, or were electrotransferred to a polyvinylidene fluoride (PVDF) membrane in a 20% methanol, 3.7% SDS, Nupage Transfer Buffer (Invitrogen), in an Owl Panther transfer unit (Owl Separation Systems), and then stained with India Ink in a phosphate-buffered saline (PBS) solution (0.4% Tween-20, 0.1% India Ink) or for immunoblotting, were blocked in a 5% nonfat milk solution and then incubated with rabbit anti-green fluorescent protein (GFP) antibodies (Molecular Probes) at a dilution of 1 : 2000. After washing, membranes were incubated with anti-rabbit secondary antibodies conjugated to horseradish peroxidase (BioRad) at a dilution of 1 : 4000. Bands were visualized using the 1-Step 4CN reagent (Pierce).
Results and discussion
Roles of Cotb in structure and resistance
We have calculated, that c. 10-20 B. anthracis-specific spore proteins remain to be identified (Kim et al., 2006; Giorno et al., 2007) . Because these proteins are likely to play roles in species-specific spore properties, we seek to identify these proteins using SDS-PAGE fractionation of spore extracts followed using MS analysis of excised bands (Lai et al., 2003) . Using this approach, we identified a peptide from a B. anthracis spore protein with a predicted mass of 8.4 kDa that migrates as a c. 10 kDa species (currently annotated as BAS1956 in the Sterne strain and BA2104 in the Ames To analyze the role of cotb in spore function and assembly, we inactivated it by replacing the gene with a kanamycin resistance cassette in the Sterne and Ames strains of B. anthracis, resulting in strains MGM68 and Ames-JAB-7, respectively. These mutations are unlikely to affect the transcription of the surrounding genes for three reasons: (1) the kanamycin resistance cassette is flanked by transcriptional termination sequences (Perez-Casal et al., 1991) , (2) RT-PCR analysis shows that cotb is encoded by a separate mRNA transcript than that of the immediately upstream ORF (data not shown), and (3) the downstream ORF is oriented in the opposite direction from cotb.
Both mutant strains sporulated normally and produced spores that were indistinguishable from wild type, based on phase-contrast light microscopy and TEM (data not shown). Fig. 1 . Identification of a novel spore protein in Bacillus anthracis. Bacillus anthracis coat proteins from the wild-type Sterne strain were extracted from spores, subjected to 16% SDS-PAGE and stained with Coomassie Blue G-250. The band indicated by an arrowhead was cut out and analyzed using matrix-assisted laser desorption/ionization time-of-flight MS. The peptide sequence is aligned with the best-fit ORF (BAS1956) from the annotated genome of the Sterne strain (inset). Molecular weight markers are indicated in kDa.
To assess general spore resistance properties, we subjected the Sterne strain cotb mutant (MGM68) to bleach, lysozyme, and heat challenges (using the methods described in Harwood & Cutting, 1990; Young & Setlow, 2003) . We detected no significant differences between the mutant and wild-type strains (data not shown). Additionally, there were no readily detectable differences in the protein compositions of the extractible portion of the spore coat proteins from wild-type and mutant spores, as judged using one-dimensional SDS-PAGE (data not shown). We visualized bands in these gels both by staining with Coomassie Brilliant Blue, and by India ink staining after electrotransfer to a PVDF membrane, which allows detection of bands not stained by Coomassie (data not shown). In B. subtilis, the presence of multiple spore proteins in a single band is well documented (Kuwana et al., 2002) . We infer, therefore, that a protein other than Cotb is also present at this location in the gel (Fig. 1) .
To determine whether Cotb has a role in directing coatsurface topography, we examined the Sterne strain cotb mutant spore surface using atomic force microscopy (AFM), which produces topographical relief maps. We have found that AFM can detect morphological defects not revealed using TEM (Chada et al., 2003; McPherson et al., 2005; Giorno et al., 2007) . Previously, we showed that the B. anthracis spore coat surface is spanned by ridges that extend, for the most part, from pole-to-pole along the long axis of the spore (Chada et al., 2003; Wang et al., 2007) . In c. 85% of B. anthracis spores, the ridges appear in pairs, in close apposition (Fig. 2a) , as opposed to well-separated single ridges for the case of B. subtilis (Chada et al., 2003; Plomp et al., 2005; Wang et al., 2007) . In contrast to wild-type B. anthracis spores, o 7% of cotb mutant Sterne strain spores (of 150 spores examined) possessed clear ridges. Instead, the coat surface has a smooth appearance, but with a cleft extending across the length of the spore (Fig. 2b and c) . We note that this phenotype is very unlikely to be due to a mutation in an unlinked gene as the cotb null mutation (in strain MGM68) was introduced by transduction from a strain (RG61) in which it was originally created (see Supporting Information). The B. subtilis coat-surface protein CotB also controls coat topography (Donovan et al., 1987; Isticato et al., 2001; Chada et al., 2003) . Possibly, a role in coat-surface morphology is typical of coat-surface proteins in all species.
Physiological roles of Cotb
Because defects in the coat can affect germination (Henriques & Moran, 2006), we analyzed the ability of cotb mutant spores to germinate using a variety of assays (see Supporting Information) that measure distinct steps in germination (Harwood & Cutting, 1990) . However, we found that cotb mutant spores germinated identically to the wild-type strains (data not shown), suggesting that Cotb does not have a role in germination.
To detect a role for Cotb in pathogenesis, we infected female BALB/c mice intranasally (Lyons et al., 2004) with either c.1 Â 10 6 wild-type Ames or cotb mutant (Ames-JAB-7) spores. Infection with wild-type spores resulted in a typical survival curve, with 93.4% of animals (out of 15 animals) having succumbed by day 6 postinfection. The survival curves of animals challenged with cotb spores or wild-type spores were indistinguishable (data not shown).
Timing of Cotb synthesis and subcellular localization
The observation that Cotb affects coat-surface morphology focused our attention on its subcellular location. To study this, we introduced cotb-gfp at the cotb locus (generating strain RG134) via a Campbell-type single reciprocal recombination, resulting in a chromosomal copy of the fusion gene at the endogenous locus. The endogenous, wild-type, copy of cotb is very likely to be inactive in RG134 because its promoter is separated from the coding sequence by the inserted plasmid backbone. We then used fluorescence microscopy to localize Cotb-GFP in sporulating cells and spores. To estimate the stage of development, we imaged the sporangial cell envelopes with the lipophilic counter stain FM4-64 (Pogliano et al., 1999) as well as using phasecontrast microscopy (data not shown). Because sporulation had to be carried out at room temperature to visualize GFPlocalization (see Supporting Information), the progression through sporulation was much slower than the c. 8h required at 37 1C (see below).
We first detected Cotb-GFP when the forespore was engulfed (stage III) (Losick et al., 1986 ) (at about 24 h of culturing, Fig. 3a ), consistent with s E -control of cotb transcription (Hilbert & Piggot, 2004) . Sequences resembling the À 10 and À 35 RNA polymerase-binding sites of the B. subtilis s E consensus sequence (Eichenberger et al., 2003) are present upstream of cotb (at nucleotide positions À 16 and À 39, relative to the beginning of the ORF). At stage III, Cotb-GFP was dispersed throughout the mother cell cytoplasm. When about 90% of the cells in the culture had reached stage IV, when forespores dehydrate and become refractile, we detected caps or rings of fluorescence around the forespores, as well as dispersed fluorescence in the mother cell cytoplasm (Fig. 3a) . Released spores were surrounded by rings or caps of fluorescence. These rings were more pronounced after deconvolution (Fig. 3b) . We argue that this fluorescence pattern is indicative of a coat localization for Cotb, as we have shown previously that GFP alone does not target any particular location in sporulating cells of B. subtilis (Little & Driks, 2001) , and a cap or ringlike localization pattern is consistent with that of a coat or exosporium protein as demonstrated by several laboratories (Pogliano et al., 1995; Bauer et al., 1999; Asai et al., 2001; Ozin et al., 2001; Eichenberger et al., 2003; van Ooij et al., 2004; Kim et al., 2006 ; R. Giorno, J. Bozue, M. Mallozzi et al., unpublished data). However, when viewed in the context of the temporal progression of sporulation, this localization pattern differs in an interesting way from previous studies, in that there is a distinct stage during (c) Spore coat extracts of cotb-gfp fusion bearing spores, from strains Ames-JAB-10 and RG134 (lanes 1 and 2, respectively), or from the wild-type Ames strain spores (lane 3) were fractionated using SDS-PAGE and transferred to a PVDF membrane, and then probed with anti-GFP antibodies. The asterisk ( Ã ) indicates a cross-reacting species, and arrowheads indicate the Cotb-GFP-specific doublet that is present in both fusion-bearing strains. (d) After sporulation for 2 days at room temperature , spores bearing cotb-gfp (from strain RG134, panels 1 and 2), or bearing cotb-gfp and a cotE mutation (from strain MGM37, panels 3 and 4) were collected and imaged by fluorescence (b-GFP) or IFM (a-GFP).
which Cotb is present but not yet deposited around the forespore. It would appear, therefore, that an as yet unidentified signal acts prior to stage IV to trigger Cotb deposition. This dynamic localization pattern is consistent with observations of other B. anthracis spore proteins (R. Giorno, J. Bozue, M. Mallozzi et al., unpublished data) . Unexpectedly, we did not detect fluorescent rings in a version of the Ames strain bearing cotb-gfp (Ames-JAB-10) (data not shown). We confirmed that the cotb gene was transcribed in the Ames strain using RT-PCR analysis of mRNA collected from sporangia (data not shown). To confirm that Cotb-GFP was synthesized and present on spores, we extracted spore proteins from Ames-JAB-10 spores (as well as from RG134 spores), fractionated them using SDS-PAGE and analyzed them by Western blot analysis using anti-GFP antibodies. We detected Cotb-GFP-specific bands in both fusion-bearing strains (Fig. 3c , lanes 1 and 2). These bands migrate as a doublet of about 37 kDa, consistent with the expected size of the fusion protein (37.5 kDa). However, the intensity of the doublet bands from strain Ames-JAB-10 was substantially less than strain RG134, and three additional bands were present in the RG134 extracts (migrating between 45 and 50 kDa) which were not detected in Ames-JAB-10. These data suggest that, in the Ames strain, Cotb-GFP is made (albeit at a level below the limit of detection using fluorescence microscopy). The reason for the lower abundance of Cotb-GFP in cells from the Ames strain background is unknown. We note, however, that the adenine at position -13 (relative to the beginning of the ORF) in the Sterne strain is missing in the Ames strain, altering a putative s E consensus sequence. Possibly, this alteration reduces cotb transcription (and presumably Cotb abundance). The identities of the 45-50 kDa RG134-specific bands are unknown, although they apparently contain at least part of the fusion protein.
A reasonable speculation is that they represent posttranslationally modified Cotb-GFP.
To determine the location of Cotb within the spore more precisely, we first performed IFM on Cotb-GFPbearing spores (from strain RG134) using anti-GFP antibodies. While we could detect GFP fluorescence (Fig. 3d , panel 1), we did not detect a signal by IFM (Fig. 3d, panel 2) presumably because antibodies are prevented from binding by the presence of the exosporium. We then carried out IFM on cells bearing cotb-gfp, but where the exosporium is absent due to a mutation in cotE (in strain MGM37) (Giorno et al., 2007) . IFM analysis of strain MGM37 revealed rings of fluorescence. These rings, as well as those due to GFP-fluorescence, were interrupted at several positions around the spore (Fig. 3d, panels 3  and 4) . We infer that Cotb-GFP is present beneath the exosporium surface (although it could also be present elsewhere in the exosporium) and, most likely, on the coat surface. Interestingly, GFP-fluorescence in MGM37 spores was reduced relative to wild type (Fig. 3d , compare panels 1 and 3). Therefore, although some Cotb-GFP is assembled in the absence of CotE, a significant amount of Cotb-GFP likely assembles in a CotE-dependent manner.
Antigens specific to B. cereus-group spores (such as Cotb) could be used in future technologies to discriminate these spores from nonharmful spores, to improve medical diagnostics, food safety, and possibly biodefense. However, because Cotb is not required for disease in the model we analyzed, it is not an optimal marker for detecting a biological weapon, as it could be removed by a technically capable enemy. Nonetheless, because Cotb is conserved in food-borne disease causing strains of B. cereus it could serve as a marker for pathogens in the food supply.
In summary, we have characterized Cotb, a B. cereus group-specific protein in B. anthracis present on the spore coat surface. The abundance of Cotb in Sterne strain spores is significantly greater than in Ames strain spores, providing evidence that spore composition varies among B. anthracis strains. While Cotb does not detectably contribute to spore resistance, germination, or virulence (as measured by a murine intranasal challenge assay), it has a significant role in coat-surface architecture, similar to the B. subtilis coat-surface protein CotB (Chada et al., 2003) .
